ABSTRACT After Þre, the whitespotted sawyer, Monochamus scutellatus scutellatus (Say) (Coleoptera: Cerambycidae), is considered one of the most damaging xylophagous insects by forest industries in the eastern boreal forest of North America. Although this species is often considered opportunistic because it dwells on various stressed host trees, it can be found in very high abundance after forest Þre and, consequently, it has been suspected of being a pyrophilous species or Þre-associated species. The aim of this study was Þrst to determine whether the whitespotted sawyer lays eggs preferentially on burned rather than unburned hosts, and second, to determine its preference between black spruce (Picea mariana [Mill.] B.S.P.) and jack pine (Pinus banksiana Lamb.) for oviposition. Host suitability also was estimated to determine if whitespotted sawyer females make optimal choices to maximize offspring development. To determine host suitability, we used the abundance distribution of larval instars as a proxy of larval development quickness and we compared weight and head-capsule width of larvae of different larval instars as measures of insect growth in each type of log. Based on the frequency of oviposition behavior, females showed no preference for either burned or unburned black spruce logs, and both were equally suitable for larval development. Furthermore, females laid more eggs on black spruce than on jack pine, but host suitability was not statistically affected. Nevertheless, larvae had mostly reached the fourth instar on black spruce, whereas those on jack pine were mostly at the third instar, suggesting faster development on black spruce.
KEY WORDS longhorned beetle, host selection, Þre, jack pine, black spruce Fire is an important natural disturbance in the boreal forest (Bergeron et al. 2001 , Gauthier et al. 2008 , Nappi 2009 ). In Canada, an average of 1,784,590 ha of forest burned annually between 2000 and 2010 (Canadian Interagency Forest Fire Centre 2011 . To lower the economic losses resulting from forest Þres, salvage logging of burned trees is increasing in most Canadian provinces as well as in many countries around the world (Lowell et al. 1992 , van Nieuwstadt et al. 2001 , Schmiegelow et al. 2006 , Lindenmayer et al. 2008 , Saint-Germain and Greene 2009 ). In the province of Quebec, Canada, salvage logging after Þre has increased from 3 m 3 /ha in 1991 to 10 m 3 /ha in 1996 (Purdon et al. 2002) . In 2005, QuebecÕs Ministè re des Ressources naturelles et de la Faune authorized special plans for salvaging over six million m 3 of burned wood, which represents Ϸ20% of the annual volume of wood logged in public forests (Ministè re des Ressources naturelles et de la Faune 2008). However, forest industries are struggling with the fast decrease in wood value resulting from attacks by xylophagous insects, mainly longhorned beetles, which follow massive tree death caused by Þre. Some beetles have been shown to respond to cues such as smoke and heat for locating burns by using specialized sensory organs (Evans 1966 , Schü tz et al. 1999 , Schmitz et al. 2000 .
The whitespotted sawyer, Monochamus scutellatus scutellatus (Say) (Coleoptera: Cerambycidae), is known as one of the most damaging xylophagous insects after Þre in eastern boreal forests of North America (Gardiner 1957 , Rose 1957 , Raske 1972 . This species is mostly considered a secondary pest because larval development is only successful on weak, dying, recently dead, and newly cut trees (Wilson 1962b , Martineau 1985 . The whitespotted sawyer is known to develop on a wide range of coniferous trees, including pines (Pinus spp.), spruces (Picea spp.), balsam Þr [Abies balsamea (L.) Mill.] , and occasionally tamarack [Larix laricina (DuRoi) K. Koch] (Wilson 1962b ). Larvae of the whitespotted sawyer go through four instars during their life cycle (Rose 1957) . Larvae of the Þrst two instars feed on the inner bark, scratching the sapwood, which does not reduce wood value because these marks are sawed off at the mill (Rose 1957 , Wilson 1962b . However, when larvae reach the third instar, they bore deep into the wood and excavate galleries averaging 7.5 cm in depth (Rose 1957 , Cerezke 1977 . Although wood loss is low (maximum of 5%), downgrading of logs can reduce the economic value of lumber products by as much as 30 Ð35% (Wilson 1962a,b; Safranyik and Raske 1970) . Furthermore, these galleries can facilitate wood colonization by fungi, thus enhancing wood decay and increasing economic losses as much as the galleries themselves (Wilson 1962b , Raske 1972 .
The whitespotted sawyer has been described as a Þre-associated species (Boulanger et al. 2010 ) and has even been suggested to be a pyrophilous species (Saint-Germain et al. 2008) . Still, the whitespotted sawyer is also found in tree boles after other disturbances such as windthrows (Gardiner 1975) , insect outbreaks (Belyea 1952 , Rose 1957 , and harvesting Raske 1970, Post and Werner 1988) , suggesting that it might also be an opportunistic species that uses recently killed trees, whether they are burned or not. Because forest Þres are one of the most important natural disturbances in the boreal forest, their annual contribution to the stock of recent dead wood is high. Moreover, the burn area is large compared with most other natural disturbances, and it may thus produce more attractive cues for xylophagous species (Gibb et al. 2006 ). Nevertheless, no study has yet experimentally shown how the whitespotted sawyer selects burn areas and dead trees, and if its Þtness is enhanced in those habitats.
To associate species with a speciÞc habitat, its preference for this habitat must Þrst be shown. For whitespotted sawyer females, preference can be described as the hierarchical ordering of hosts (Thompson 1988) with respect to relative likelihoods of accepting encountered plants for oviposition under standardized conditions (Singer 1986 (Singer , 2003 . Oviposition preference may be determined in choice tests by presenting at least two plant species of equal masses at the same time to a single female and then determining the number of eggs laid on each host (Thompson 1988) . As mentioned by Thompson (1988) , Þeld counts to estimate the proportion of eggs on well-deÞned hosts cannot be used to determine preference because plant species are not found in equal abundance and also because eggs would have been laid by several females. Although oviposition preference tests are used to determine host female choices, they do not provide information on the suitability of this speciÞc host for larval Þtness (survival, growth, and development) (Singer 1986 ). These variables can be measured and then used to estimate plant suitability. Following the optimal theory, a species should maximize its Þtness under given constraints (Parker and Smith 1990) . Therefore, adult insects should choose hosts that will optimize larval survival and growth (Jaenike 1978) .
However, oviposition preference and larval suitability are not always related and, although some species make optimal choices, other species lay eggs preferentially on plants where their larvae have poor development or Þtness (Courtney 1981 , Zalucki et al. 2002 . This might result from host selection aimed to avoid competitors, natural enemies, or both (Price et al. 1980) .
The objective of this study was to determine whether the whitespotted sawyer lays eggs 1) preferentially on burned hosts rather than unburned ones; and 2) on burned black spruce rather than burned jack pine, or the reverse. Host suitability also was determined to measure if whitespotted sawyer females make optimal choices or not to maximize offspring development.
Materials and Methods
Insects. Whitespotted sawyer females, sexed on the basis of their antennal length (Hughes 1979) , were hand-collected in June and July of 2010 in burned forests of the La Tuque region (47Њ 21Ј N, 74Њ 00Ј W) in Quebec, Canada. Beetles were kept individually in 150-ml plastic bottles and placed in growth chambers at 16ЊC, 70% RH, and a photoperiod of 16:8 (L:D) h. Because they were caught in the Þeld, whitespotted sawyer females were considered already mated and ready for oviposition.
Log Sections. Logs were obtained from black spruce and jack pine trees cut in the La Tuque region in June and July of 2010. All selected trees were vigorous and healthy to make sure they were free of longhorned beetle larvae (no oviposition scars were observed on the trees). Stem sections ranging between 9 and 11 cm in diameter were cut into two or three 1-m logs from each selected tree. These sections were later cut in the laboratory to produce four small 20-cm logs (see the Host Preference and Suitability Experiments section) and one or two 5-cm-thick disks to measure water content. To prevent excessive drying of the 20-cm logs, both ends were coated with parafÞn wax (Wikars 2002 , Saint-Germain et al. 2004a , Boulanger et al. 2013 . For tests comparing burned and unburned logs, black spruce bark thickness was measured at four equidistant points on each 50-cm log by using an electronic digital caliper (Mastercraft, Johannesburg, South Africa). Disks were weighed and oven-dried at 65ЊC until their dry weight stabilized (requires a minimum of 48 h). Stem water content was calculated with the following formula (Akbulut and Linit 1999):
Water.content ϭ wet.weight͑g͒ Ϫ dry.weight͑g͒ wet.weight ϫ 100
Host Preference and Suitability Experiments. Two experiments were carried out to determine host oviposition preference of whitespotted sawyer females and host suitability for their progeny. The Þrst experiment was conducted to determine if the whitespotted sawyer females oviposit preferentially in burned or unburned logs. Black spruce was used for this experiment, as previous results showed that this cerambycid was more abundant in this tree species than in jack pine (Azeria et al. 2012 ). For each test, both burned and unburned black spruce logs were taken from the same 1-m section to avoid any bias related to the tree per se (Peddle et al. 2002) . One-meter sections collected in the Þeld were cut into two 50-cm logs, and one was burned homogeneously for 5 min by using a welding torch; 20-cm logs were cut in both burned and unburned portions of each 50-cm section. Host selection tests were done in growth chambers at 20ЊC, 70% RH, a photoperiod of 16:8 (L:D) h, and in well-ventilated plastic cages (38 by 25 by 23 cm) in which two 20-cm black spruce logs, one burned and one unburned, were randomly placed. A whitespotted sawyer female then was introduced into each cage where it was allowed to lay one egg (based on the oviposition behavior described by Peddle et al. [2002] ) before being removed. The oviposition site was marked with a colored pin and log positions were reversed in the cage to avoid any potential bias; 5 min later, the same female was reintroduced into the cage. This sequence was repeated Þve times for each female. After Þve choices, the female was placed alone with one log at a time to get a total of Þve ovipositions on each log to estimate host suitability for its progeny. Logs with fewer than two ovipositions were discarded from the analysis for suitability tests. This experiment was repeated with 27 different females. Thereafter, logs were placed in a growth chamber at 20ЊC, 70% RH, a photoperiod of 16:8 (L:D) h, and for a period of 30 d. After this time, logs were debarked and larvae were collected and weighed with an electronic scale (Mettler AE 163, Mettler-Toledo, Columbus, OH). Their head-capsule width also was measured with a digital length measuring system (Wild MMS-235, Wild Heerbrugg, Heerbrugg, Switzerland) installed on a binocular to determine their larval instar, based on predeÞned classes obtained by measuring over 3,200 head capsules of whitespotted sawyer larvae (unpublished data, E.B.).
The second experiment was carried out to determine the oviposition preference of whitespotted sawyer females for black spruce or jack pine, two known hosts of this cerambycid beetle (Wilson 1962b ) and the two most important tree species affected by Þre in the boreal forest. As this experiment was done in a context of host tree selection after Þre, 1-m logs from both tree species were burned homogeneously for 15 min beforehand using a wielding torch and then cut into 20-cm logs. Each test was performed in the cages described previously. Two burned logs, one black spruce and one jack pine, were randomly placed into each cage. To increase the number of tested females, compared with the Þrst experiment, which required long-time observation of single individuals, we introduced one whitespotted sawyer female into each cage for 48 h. This experimental design made it possible to test 50 different females. At the end of the 48-h period, logs were placed in a growth chamber at 20ЊC, 70% RH, and a photoperiod of 16:8 (L:D) h for 35 d, rather than 30 d as in the Þrst experiment. Data from another study by our group (Bé langer 2013) indicated that whitespotted larvae enter sapwood after 30 Ð35 d at 20ЊC in black spruce, but later in jack pine. We thus expected that lengthening the period could improve appraisal of potential developmental differences between black spruce and jack pine. After this period, logs were checked carefully and oviposition scars were counted before debarking to recover larvae. Scars were used as a proxy of Monochamus oviposition in several earlier studies (Zhang and Linit 1998 , Peddle 2000 , Akbulut et al. 2004 . As in the Þrst experiment, larvae were weighed and their head-capsule width was measured.
Statistical Analyses. To determine preference for burned or unburned black spruce logs (Þrst experiment), we compared the average number of eggs laid by females on each type of log by using a paired Student t-test. Paired Student t-tests also were used to compare water content and bark thickness between hosts. To compare host suitability, we used the abundance distribution of larval instars as a proxy of larval development quickness. The distributions in each type of log were compared using a chi-square test (␣ ϭ 0.05). We also used analyses of variance (ANOVA) to compare the weight and head-capsule width of larvae of different larval instars (second-fourth) as measures of insect growth in each type of log. All ANOVAs were done using a mixed-effects linear model in which treatment (burned versus unburned) was a Þxed effect and logs were a random effect.
To determine host tree preference (second experiment), we compared the number of oviposition scars and the number of larvae found in jack pine and black spruce logs by using a paired Student t-test. When no larvae were found on both logs of a choice test, the logs were removed from the comparison of number of larvae between tree species. Water content also was compared between tree species with a Student t-test. Host suitability was compared using the same approach as in the Þrst experiment, except that a Fisher exact test for a 2 by 3 contingency table was used instead of a chi-square test because Ͼ20% of the frequencies were smaller than Þve (Cochran 1954) . ANOVAs for comparing weight and head-capsule width of larvae were only done for third and fourth instars because of the low number of second-instar larvae. All statistical analyses were done with the R software (R.2.12.2).
Results
Preference for and Suitability of Burned and Unburned Logs. Based on the egg-laying behavior on both types of logs, females of the whitespotted sawyer showed no preference for either burned (2.63 Ϯ 0.29 oviposition frequency) or unburned black spruce (2.41 Ϯ 0.29 oviposition frequency) logs (t ϭ 0.380, df ϭ 26, P ϭ 0.7074). Moreover, both types of logs were equally suitable for sawyer progeny. No signiÞcant difference was found in the abundance distribution of larvae of the different instars between burned and unburned logs ( 2 ϭ 0.51, df ϭ 2, P ϭ 0.7749; Table 1 ), indicating that larvae developed at the same rate on both types of logs. Differences in average head-capsule width of larvae were not signiÞcant except for the third larval instar (F 1, 33 ϭ 4.382, P ϭ 0.0441; Table 2 ), which was slightly larger in unburned logs (2.16 Ϯ 0.06 mm) than in burned ones (1.98 Ϯ 0.04 mm). Furthermore, larval weight of the three instars was similar in both types of logs (Table 2 ). Water content (burned ϭ 33.97 Ϯ 1.61%, unburned ϭ 34.70 Ϯ 1.42%; t ϭ 0.4477, df ϭ 14, P ϭ 0.6617) and bark thickness (burned ϭ 2.49 Ϯ 0.09 mm, unburned ϭ 2.43 Ϯ 0.10 mm; t ϭ 1.4508, df ϭ 14, P ϭ 0.1689) were not different between burned and unburned black spruce logs. Preference for and Suitability of Host Trees. Whitespotted sawyer females clearly preferred to lay eggs on black spruce rather than on jack pine, the average number of scars excavated in the bark (black spruce ϭ 6.50 Ϯ 0.99, jack pine ϭ 2.02 Ϯ 0.32; t ϭ 4.429, df ϭ 49, P Ͻ 0.0001) and the average number of larvae found in logs (black spruce ϭ 2.87 Ϯ 0.60, jack pine ϭ 0.48 Ϯ 0.19; t ϭ 3.615, df ϭ 22, P ϭ 0.0015) being signiÞcantly higher in black spruce. The structure of larval populations was not signiÞcantly different between tree species (Table 3) , but the maximum number of larvae at a given instar (mode) differed. Most larvae had reached the fourth instar on black spruce, whereas most were at the third instar on jack pine, thus suggesting a faster development on black spruce. However, within each larval instar, the average headcapsule width and the average weight of larvae did not differ signiÞcantly between tree species (Table 4) . Water content (black spruce ϭ 41.51 Ϯ 1.63%, jack pine ϭ 42.50 Ϯ 1.40%; t ϭ 0.4583, df ϭ 28, P ϭ 0.6503) was not signiÞcantly different between tree species.
Discussion
Preference for and Suitability of Burned and Unburned Logs. Our experimental results show that whitespotted sawyer females do not prefer ovipositing on burned rather than on unburned black spruce logs. This is consistent with the idea that this species could be opportunistic as it is known to attack trees recently killed by Þre (Saint-Germain et al. 2004b , Boulanger et al. 2010 , insect outbreaks (Belyea 1952 , Rose 1957 , Gardiner 1975 , and even decked logs along recently harvested stands Raske 1970, Post and Werner 1988) . Confusion may still exist as this species has been suggested to be pyrophilous (Saint-Germain et al. 2008) or Þre-associated (Boulanger et al. 2010) because of the huge number of whitespotted sawyer adults found after this kind of disturbance. It has been suggested that xylophagous beetles use cues at a broad scale as their primary attraction to Þnd potential hosts, whereas Þnal host selection may be completed through various random landings (Saint-Germain et al. 2006) . When invading newly burned areas, the whitespotted sawyer may thus simply respond to volatiles that are emitted by any dead or dying tree; after Þre, these are emitted synchronously over wide areas by a huge number of dead trees, thus strengthening the attractive signal. Such volatiles could be ethanol, as Kelsey and Joseph (2003) reported 15 and 53 times more ethanol in phloem and sapwood of severely burned ponderosa pines (Pinus ponderosa Dougl. Ex P. & C. Laws.), respectively, than in unburned trees. We have not found such ethanol measures in the literature for recently harvested trees. In fact, the knowledge on ethanol synthesis in disturbed trees is rather poor. Whether ethanol in our experimentally burned bole sections was similar to that of naturally burned trees is unknown. Nevertheless, the lack of preference for burned over unburned black spruce logs in our experiment indicates that there was no determinant cue (e.g., carbon, ash, smoke) in burned black spruce bark to elicit an oviposition preference by whitespotted sawyer females. Both burned and unburned black spruce logs were equally suitable because none of the larval Þtness proxies measured were signiÞcantly and consistently enhanced in one type of log. Head capsule width of the third larval instar was slightly larger in unburned logs, but this difference was marginally signiÞcant and was not consistent at the fourth larval instar. Thus, it would be meaningless to discuss it any longer. The Þrst two larval instars of the whitespotted sawyer are known to feed on subcortical tissues (phloem and cambium) (Rose 1957 , Wilson 1962b , Raske 1972 , Martineau 1985 , and the nutritional value of these tissues obviously inßuences larval development. Akbulut and Linit (1999) suggested that seasonal variations in the nutritional value of the phloem and cambium tissues of pines may inßuence larval survival of Monochamus carolinensis (Olivier). Boulanger et al. (2013) reported that bark thickness and moisture content (wood disk estimates) had a positive effect on the abundance and occurrence of whitespotted sawyer larvae. It has been reported that sawyer females lay their eggs on logs, showing a water content ranging between 10 and 50% of total wet weight (Dyer and Seabrook 1978) , which is in the same range as the logs used in our preference and suitability experiments. The similar water content and bark thickness on the two types of logs used in our experiments suggest that our treatment simulated a low Þre severity and may explain their equal suitability.
Preference for and Suitability of Host Trees. Although females of the whitespotted sawyer did not show any oviposition preference for burned or unburned black spruce, they clearly preferred burned black spruce over burned jack pine. Likewise, using a rearing approach on Þeld-collected logs, Azeria et al. (2012) also reported a signiÞcant association between the whitespotted sawyer and black spruce. We reported that burned black spruce had a thicker bark all along the stem (from tree collar up to 9.45 m) compared with burned jack pine (unpublished data, Y.B.). As phloem makes up the living layer of inner bark (Kramer and Kozlowski 1979) , it should be better protected from Þre in trees with a thicker bark. Moreover, bark and phloem thickness have been shown to be signiÞcantly correlated in Douglas-Þr (Shore et al. 1999) , and thicker phloem has been linked with higher progeny of xylophagous beetles (Amman 1972, Reid and Glubish 2001) . It has been proven that a thicker phloem improves larval Þtness (faster development and earlier emergence) in bark beetles and allows the production of a larger progeny per female (Haack et al. 1987) . Differences in bark thickness could thus partly explain why oviposition scars and larvae were more than three times and nearly six times more frequent, respectively, on black spruce than on jack pine. However, the simple fact that the two tree species belong to different genera (Picea for black spruce and Pinus for jack pine), and thus possess different wood anatomy and chemical composition, may better explain differences in host tree preference (Zhang and Koubaa 2009 ). Indeed, it has been shown in the laboratory that M. carolinensis had a higher ovipositionsite density in jack pine than in three other pine species (Walsh and Linit 1985) . Furthermore, Pureswaran et al. (2004) showed signiÞcant variation in monoterpenes of four conifer species, which could potentially be used as cues in host selection by xylophagous beetles.
Even if black spruce was preferred by the whitespotted sawyer, host suitability was not affected as shown by the fact that larval performance was not signiÞcantly different. This may result from the low abundance of larvae reared from jack pine (14) ( Table  3 ) compared with black spruce (66) ( Table 3) , which makes statistics less powerful. Nevertheless, most larvae had reached the fourth instar on black spruce, whereas most were at the third instar on jack pine, thus suggesting a faster development on black spruce. Also, oviposition scars on bark and larvae in logs were, respectively, three and six times more abundant on black spruce than on jack pine, suggesting a greater acceptance for oviposition on black spruce or a better suitability of this tree species for larval survival.
The results of this study show host preference and suitability at a small scale for the whitespotted sawyer, but it does not provide information on host selection processes at a broader scale. This species is known to be attracted by various monoterpenes, ␣-pinene being the most attractive and acting synergistically with ethanol for greater effects on several xylophagous species (Ché nier and Philogè ne 1989). Furthermore, Peddle et al. (2002) showed that whitespotted sawyer females respond positively to varying ␣-pinene rates of release. However, although several habitat variables affecting whitespotted sawyer host selection have been studied (Saint-Germain et al. 2004b ), information about chemical cues released after Þre is scarce. Further studies on the spatioÐtemporal distribution of monoterpenes and ethanol after Þre and other natural disturbances, such as windthrow and insect outbreaks, could provide useful cues to understand the high abundance of whitespotted sawyer in recent burns.
